In order to study the flow characteristics of fluid falling film evaporation in a vertical pipe and obtain the dynamic parameters of steam-water two-phase flow, a three dimensional numerical simulation on flow behavior of falling film evaporation was carried out to capture the free surface of falling liquid film with the volume of fluid (VOF) model. The steam-water two-phase flow dynamic characteristics including liquid film flow pattern, liquid film thickness, wall shear stress and velocity distribution of flow field were analyzed through changing feed flow velocities. The results show that under different inlet flow velocities, the average thickness of liquid film from simulation agrees with empirical value well. The film thickness decreases sharply in the entry section which is less than 100mm. The change of wall shear stress is similar to that of film thickness along flow direction, but the change of film thickness has hysteresis quality. Under the influence of gravity and wall shear stress, the accelerated motion and decelerated motion of liquid film alternate, and the flow velocity inside liquid film increases with the distance from liquid film to wall surface, and reaches the maximum at the steam-water interface.
Introduction
Falling film evaporation is an efficient technology of heat and mass transfer for its unique advantages of high heat transfer coefficient, small heat loss, low power consumption and high efficiency, and is widely applied in the industrial fields of thermal power engineering, energy, petrochemical engineering and air conditioning refrigeration (Liu et al., 2012; Zhang et al., 2013) . In the process of falling film flow, the abundant and complex hydrodynamic characteristics have significant effects on falling film transfer characteristics, and are the foundation to conduct the mechanism research of falling film flow. Therefore, it is an increasing research hotspot in recent years. Yu et al. (2012) carried out an experimental research on liquid phase velocity distribution and instantaneous velocity of falling film flow under different steam-water flow conditions. It was found that the maximum liquid phase velocity appeared inside liquid film surface when gas and liquid flowed adversely and velocity fluctuation strengthened the mass transfer process on the steamwater interface. By adding artificial disturbance, Ma et al. (2012) simulated the fluctuation evolution process of lithium bromide solution falling film along a plate, and analyzed velocity field in the wave and wall shear stress. Ye et al. (2007 Ye et al. ( , 2009 ) implemented a theoretical research on the hydrodynamic characteristics and flow stability feature of wavy film in the process of falling film flow. Investigation results showed that the sheared films have three regimes governing by interfacial shear stress and gravity longitudinal component gsinθ. Abderrahman et al. (2015) carried out a numerical research on investigating the evaporation in mixed convection of a pure glycol liquid film such as ethylene and propylene glycol. The influence of inlet temperature of liquid film and inlet pressure in the gas flow are examined. The results indicate that the propylene glycol evaporates in more intense way in comparison to ethylene glycol, due to the volatility difference. Additionally, in the operating system, the heat transfer by sensible mode is more important than latent mode. Ho et al. (2011) performed a contrastive analytical research on two-dimensional and three-dimensional velocity distribution rules of steam-water two-phase flow in the process of falling film flow. Although the system is in the laminar flow regime, the liquid film features a wavy structure and the velocity profiles are complex. The above reports basically concerned on the behaviors of single phase falling film flow, while the investigation of dynamic characteristics of steam-water two-phase flow in the process of falling film evaporation is more imperative. The paper is mainly focused on the analysis of the dynamic characteristics of steam-water two-phase flow in the process of falling film with evaporation phase change.
A three-dimensional falling film evaporation model based on VOF free interface tracking technology with the effect of surface tension on the steam-water interface considered for a vertical circular tube was established. A three-dimensional numerical simulation method was employed to study the dynamic characteristics of steam-water two-phase flow in the process of falling film evaporation. Meanwhile, the liquid film flow pattern, liquid film thickness, wall shear stress and velocity field distribution of steam-water two-phase flow were analyzed systematically.
Mathematical Model and Solution

Turbulence model
The falling film evaporation flow in the vertical circular tube is a kind of near wall flow, with turbulent phenomena occurring on the liquid film surface. As the free interface between gas phase and liquid phase will generate fluctuation, the Re-Normalisation Group (RNG) k-ε model is chosen to make the calculation process transform from the laminar area to fully developed turbulent area smoothly. The k equation and ε equation of RNG k-ε model are as follows:
where μeff is the effective turbulent viscosity coefficient, obtained by Eq. (3)、(4) and (5) 
In equation (1) and (2), Gk represents turbulent kinetic energy generation term caused by average velocity gradient, and can be calculated by Eq. (6), (7) and (8).
Sij is the tensor coefficient of average strain rate. In equation (2), Rε is the additional generation term representing average strain rate's impact on ε, and can be calculated by Eq. (9)
η is dimensional strain or the ratio of the average flow time scales and turbulent time scale. In Eq. (9):
Other coefficients of RNG k-ε model are：
Multiphase flow model
Steam-water two-phase falling film evaporation flow is a process of two-phase stratified flow. VOF interface tracking technology is used for simulation calculation. Three-dimensional unsteady Naviestokes equation is used to describe the flow field of liquid film in tube.
Continuity equation of VOF model is
The parameters of above equations are determined by volume fractions of all phases. In the steamwater two-phase system, density and viscosity can be indicated by Eq. (15) and (16), where subscript G and L is used to indicate steam phase and water phase.
The sum of water phase volume fraction and steam phase volume fraction equals to 1 in each calculating unit. VOF model tracks phase interface position by calculating fluid volume ratio of each phase in calculating unit. The distribution of the phase interface can be obtained by calculating Eq. (17) and (18).
Surface tension and momentum source term
The continuum surface force model is used to calculate the surface tension (Bo et al., 2011) , and the additional surface tension in VOF calculation is considered in the source term in Eq. (14) by
where σ is surface tension coefficient, and к is interface curvature, which is indicated by divergence of unit curved surface normal vector on the free surface, as given by Zhang, Xuecheng Fan, Weigang Xu, Feng Jiang, Yang Wang, Zexun Hu，Xiao Jiang，and Liqun Zhao / American Journal of Heat and Mass Transfer (2016) 
Calculation method
CFD software is used to implement numerical simulation research on dynamic characteristics of steam-water two-phase flow in the process of falling film evaporation. Implicit scheme is used to calculate the time term. Momentum component and turbulent kinetic energy component are solved by two order upwind format. The PRESTO algorithm is used to calculate pressure term, and the pressure implicit with splitting of operation (PISO) algorithm is used to calculate pressure and velocity coupling equation, and the VOF discrete format is Geo-Reconstruct format.
Boundary conditions
Inlet boundary: velocity inlet condition is used, and inlet velocity is set to 0.8, 0.9, 1.0, 1.1 and 1.2m/s respectively. Fluid inlet temperature uses the same parameters as working condition of the mechanical vapor recompression (MVR) falling film evaporator, and fluid is fed at boil point after being preheated. Feed temperature is 81℃, and the operating pressure is 50kPa.
Outlet boundary: free outflow boundary condition is used.
Wall condition: no-slip boundary condition and constant wall temperature (362K) condition are used on the wall.
Geometric model and mesh
The dimension of the vertical circular tube in the falling film evaporator is Φ25×2.5×1000 mm, and the computational domain is the whole tube. The geometrical modeling and mesh generation of the vertical circular tube is fulfilled by ICEM-CFD software. Computational grid is hexahedral structuralized grid. Boundary layer is set near tube wall when the grid is meshed, and the grid on the first layer is 0.1mm, increases by grid growth ratio 1.05, and is 15 layers in total. Axial direction uses uniform grid, with its size set to 8 mm, and the total grid number is 358625.
Results and Discussion
The verification of simulation results
The empirical formulas of average film thickness obtained from Brauer and Wang's experiments are shown in table 1 (Yan et al., 2005 and Wang et al., 2013) . 
The simulated value of average film thickness is compared with calculated value of Brauer and Wang's empirical formulas. As can be seen from Figure 1 , the average film thickness enlarges with the increase of inlet flow velocity. The simulated value is close to the empirical value, and compared to calculated value of Brauer's empirical formula, the maximum relative deviation is 2.85%, while compared to calculated value of Wang's empirical formula, the maximum relative deviation is 2.92%. 
Liquid film flow pattern
When inlet flow velocity is 1 m/s, Figure 3 and 4 show liquid film flow pattern in the evaporation tube, in which blue color is liquid phase and red color is gas phase. The axial direction of evaporation tube is selected to observe the change of liquid film flow pattern along liquid film flowing direction, as shown in Figure 3 . It can be seen from Figure 1 : liquid film in the inlet section is comparatively smooth, basically no disturbance; However, with the move of liquid film, similar periodic fluctuation phenomenon appears on liquid film surface, which shows that fluctuating liquid film and smooth liquid film appear alternately. This phenomenon occurs in the middle and latter section which is 0.2m-0.8m distance from inlet, which indicates that the extent of vaporization is intense in this section, and the mass transfer phenomenon of steam-water two phase is obvious, generating a large amount of steam, disturbing liquid film, and changing the liquid film thickness similarly and periodically.
The cross sections in the different axial positions (0, 0.2, 0.4, 0.6, 0.8, 1 m) of evaporation tube are selected to observe circumferential distribution of liquid film along evaporation tube, as shown in Figure 4 . It can be seen from Figure 4 : liquid film can completely cover evaporation tube's wall, and form effective falling film flow. Meanwhile, it is revealed that circumferential distribution of liquid film along evaporation tube is uneven, and becomes more obvious along liquid film flowing direction. But in outlet section, unevaporated liquid gathers again under the effect of gravity, and the distribution of liquid film along evaporation tube tends to be even. This indicates that on the condition of higher inlet flow velocity, liquid at tube wall can quickly form film, and completely cover tube wall. However, at the middle and latter section of evaporation tube, due to the intense vaporization phenomenon, it generates a large amount of steam, and under the common effect of mass transfer and gas flow disturbance, liquid film becomes more uneven. on their experiment. In the inlet section, the thickness of liquid film decreases sharply, because feeding at boiling point, liquid in the inlet section is rapidly evaporated to generate steam after being heated, and it leads to thin liquid film consequently. As liquid gravity force is larger than wall shear stress in the inlet section, the fluid's acceleration leads to thin liquid film. Figure 6 shows the variation of wall shear stress and liquid film thickness along liquid flow direction when inlet flow velocity is 1 m/s, It can be seen from Figure 6 : along liquid film flow direction, the variation of wall shear stress is similar to the variation of liquid film thickness, and the peak value of wall shear stress appears earlier than that of liquid film thickness. Figure 7 shows the variation of non-dimensional wall shear stress ρδg/τw in liquid flow direction when inlet flow velocity is 1 m/s. In the process of falling film evaporation flow, liquid is under common effect of gravity and wall shear stress, and fluid is in a state of acceleration when non dimensional wall shear stress is larger than 1. Fluid is in a state of deceleration when dimensionless wall shear stress is smaller than 1. It can be seen from Figure 6 : the value of non-dimensional wall shear stress fluctuates near the balance line between gravity and wall shear stress, which indicates that the fluid of film evaporation flow is not in a state of ideal uniform motion, but in a quasi-steady state of alternating acceleration and deceleration.
Wall shear stress and non dimensional wall shear stress
Velocity distribution
In the process of falling film evaporation flow, flow field in evaporation tube changes intensely due to phase change. Figure 8 is the velocity distribution of the cross section flow field on the position which is 0.2m, 0.5m and 0.8m far from the inlet of evaporation tube. It can be seen from Figure 8 : the velocity at wall surface is zero in the condition of no-slip boundary which makes that in the middle area of evaporation tube, the velocity is negative, for the gas generated from evaporation gathers in the center of tube, and flows up, and circumfluence is generated in evaporation tube, which has disturbance effect on steam-water interface. This kind of disturbance effect has a . 7 . The variation of non dimension shear stress significant impact on wave velocity of liquid film surface. It can be seen from Figure 9 that wave velocity of liquid film surface in the inlet section increases rapidly. Because gravity is larger than wall shear stress in the inlet section, liquid is in the state of acceleration. But on the whole, wave velocity of liquid film surface tends to rise. The acceleration and deceleration motion of wave velocity on liquid film surface alternates, pursues, merges and separates mutually. Figure 11 . It can be seen from Figure 10 that the velocity in liquid film is parabolic distribution, and the further the distance is from wall surface, the larger the liquid velocity is. The maximum value is at the steam-water surface.
Conclusions
The employed mathematical model can be used to describe the process of falling film evaporation in vertical circular tube. A three-dimensional numerical simulation based on VOF method predicts the fluctuation form of liquid film, which is periodic variation of sine-like wave, and reflects the process of film forming and vaporization in evaporation tube.
In the process of falling film evaporation, when inlet flow rate is large, liquid film forms rapidly in the tube. In the area of tube mainly generating steam, it is strongly that liquid film surface changes under the common effect of evaporation reverse flow, vaporization, gravity and shear stress. It shows that surface wares occur as the alternation of acceleration and deceleration, with mutually pursuing, merging and separating. There also is a maximum velocity in the steam-water interface.
The presented CFD simulation method can effectively predict average liquid film surface thickness. Compared to the existing calculated value of empirical formula, the error is in the range of acceptance. For the design of falling film evaporator, it has certain positive effect on controlling inlet flow rate in the tube, avoiding the phenomena of the thin liquid film to crystallize and the thick liquid film to inhibit heat transfer.
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